The objectives of the present study were 1) to evaluate the effects of supplemental fat and ME intake on plasma concentrations of glucagon-like peptide-1 (GLP-1), cholecystokinin (CCK), glucose-dependent insulinotropic polypeptide, ghrelin, and oxyntomodulin; and 2) to determine the association of these peptides with DMI and the hypothalamic concentration of mRNA for the following neuropeptides: neuropeptide Y (NPY), agouti-related peptide (AgRP), and proopiomelanocortin (POMC). In a completely randomized block design with a 2 × 2 factorial arrangement of treatments, 32 pens with 2 wethers each were restricted-fed (2.45 Mcal/lamb per day) or offered diets ad libitum (n = 16) with or without 6% supplemental fat (n = 16) for a period of 30 d. Dry matter intake was measured daily. On d 8, 15, 22, and 29, BW was measured before feeding, and 6 h after feeding, blood samples were collected for plasma measurement of insulin, GLP-1, CCK, ghrelin, glucose-dependent insulinotropic polypeptide, oxyntomodulin, glucose, and NEFA concentrations. On d 29, blood was collected 30 min before feeding for the same hormone and metabolite analyses. At the end of the experiment, wethers were slaughtered and the hypothalami were collected to measure concentrations of NPY, AgRP, and POMC mRNA. Offering feed ad libitum (resulting in greater ME intake) increased plasma insulin and NEFA concentrations (P = 0.02 and 0.02, respectively) and decreased hypothalamic mRNA expression of NPY and AgRP (P = 0.07 and 0.02, respectively) compared with the restricted-fed wethers. There was a trend for the addition of dietary fat to decrease DMI (P = 0.12). Addition of dietary fat decreased insulin and glucose concentrations (P < 0.05 and 0.01, respectively) and tended to increase hypothalamic mRNA concentrations for NPY and AgRP (P = 0.07 and 0.11, respectively). Plasma GLP-1 and CCK concentrations increased in wethers offered feed ad libitum compared with restricted-fed wethers, but the response was greater when wethers were offered feed ad libitum and had supplemental fat in the diet (fat × intake interaction, P = 0.04). The prefeeding plasma ghrelin concentration was greater in restricted-fed wethers compared with those offered feed ad libitum, but the concentrations were similar 6 h after feeding (intake × time interaction, P < 0.01). Supplemental dietary fat did not affect (P = 0.22) plasma ghrelin concentration. We conclude that insulin, ghrelin, CCK, and GLP-1 may regulate DMI in sheep by regulating the hypothalamic gene expression of NPY, AgRP, and POMC.
INTRODUCTION
The gut peptides glucagon-like peptide-1(7,36) amide (GLP-1), oxyntomodulin (OXM), and cholecystokinin-8 (CCK) can reduce, and ghrelin can increase DMI in nonruminants (Dakin et al., 2004; Gale et al., 2004) . In ruminants, supplemental dietary fat (Relling and Reynolds, 2007a; increased plasma concentrations of GLP-1 and CCK and decreased prefeeding concentration of ghrelin; these changes were associated with a decrease in DMI in lactating dairy cows. Plasma glucose-dependent insulinotropic polypeptide (GIP) concentration increased with supplemental dietary fat (Relling and Reynolds, 2007a) , but not when fat was postruminally infused (Relling and Reynolds, 2008) , and increased with an increase in ME intake (MEI) when starch and casein were postruminally infused. In all these studies, the effect of supplemental dietary fat on gut peptides was confounded with the amount of DMI because all animals were offered feed ad libitum. Therefore, it is not known if the gut peptides acted as mediators of the decrease in DMI observed, or if the concentration increase was simply a response to the presence of extra dietary fat. Hypothalamic mRNA concentration of neuropeptide Y (NPY) and agouti-related peptide (AgRP) increased in fasted sheep (Adam et al., 2002) . These neuropeptides are potent stimulators of DMI (Valassi et al., 2008) . However, fasting had no effect on hypothalamic mRNA for proopiomelanocortin (POMC), a peptide that decreases DMI. The effect of amount of feed intake and its interaction with supplemental dietary fat on GLP-1, CCK, OXM, ghrelin, and GIP has not been reported in ruminants. In addition, the association of plasma concentrations of gut hormones with concentrations of hypothalamic neuropeptides that regulate DMI has not been reported for ruminants. The objectives of the present study were to determine the effect of supplemental dietary fat and amounts of DMI and MEI on plasma concentrations of GLP-1, CCK, GIP, ghrelin, and OXM in wethers and their associated effect on hypothalamic concentrations of the neuropeptides NPY, AgRP, and POMC.
MATERIALS AND METHODS
All animal procedures were approved by the Agricultural Animal Care and Use Committee of The Ohio State University and followed guidelines recommended in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 1998) .
Animals and Diets
Sixty-four Targhee × Hampshire wethers (initial average BW = 36.8 ± 2.3 kg) were used. The wethers were divided into 2 groups based on initial BW. Each group was used in 2 consecutive periods, with the group of larger lambs being used in the first period. In each period, 32 wethers were housed in 16 pens with 2 wethers per pen. Pens were 1.5 × 4.9 m and were on an expanded metal floor in a barn that was not temperature controlled. Wethers within each period were blocked again by BW into a heavy and a light group. Wethers were fed a pelleted mixed diet containing 40% forage and 60% concentrate ( Table 1) . The diet was formulated to meet nutrient requirements for finishing wethers according to the NRC (1985) . The diet was provided once daily at 0800 h. Daily DMI was measured based on DM content of the mixed diet and daily feed refusals. Metabolizable energy intake was estimated daily based on the estimated ME concentration of the feed (NRC, 1985 (NRC, , 2001 and DMI.
Treatments
A completely randomized block design with a 2 × 2 factorial arrangement of treatments was used. The treatments were the amount of feed offered (intake effect; restricted vs. ad libitum DMI) and supplemental dietary fat [fat effect; control diet vs. 6% of Ca salts of palm oil on a DM basis (palm oil diet)] as main effects during the 30-d treatment periods. The amount of feed provided for the restricted-fed control wethers was 2.5% of the pen average BW measured the day before the experiment started, and wethers were offered the same amount of feed daily until the end of the experi- ment. This intake level was set to ensure that wethers were in positive energy balance but that they would have less MEI than those offered feed ad libitum. For the wethers restricted-fed palm oil, the amount of DM fed was isocaloric on an estimated ME basis with the restricted-fed control wethers; therefore, they received 2.265% of BW. For the wethers offered feed ad libitum (ad libitum-fed), the diet was provided at 110% of the anticipated ad libitum intake. The amount of fat fed for the palm oil treatment was selected because a similar amount of supplemented fat has resulted in reduced DMI in sheep (Appeddu et al., 2004; Reynolds et al., 2006) and increased plasma concentrations of gut peptides in dairy cattle (Relling and Reynolds, 2007a) . The control diet was fed for ad libitum intake for 15 d before the beginning of treatments to all the wethers in the study. The restriction in feed for the restricted group was initiated on d 1 of the experiment. The supplemental fat was added to the diet incrementally, with an amount equal to 2% of dietary DM fed on d 1 of the treatment period, 4% on d 2, and the total 6% on d 4. On sampling days, feed delivery was staggered at 3-min intervals per pen to allow blood sampling to be at the same relative times postfeeding.
Sampling
Feed refusals were collected and weighed daily at 0700 h. Body weight was measured on d 1, 8, 15, 22 , and 29 at 0730 h. Feed samples were taken weekly and pooled for each period and analyzed for DM (100°C), ash (600°C), Kjeldahl N, NDF, and total fatty acids (Table 2) , as described by Beckman and Weiss (2005) . On d 8, 15, 22, and 29, feed in the bunks was weighed 6 h after feeding to determine the amount of DMI from feeding to the time blood was collected.
Blood samples (10 mL) were collected from a jugular vein on d 8, 15, 22, and 29, beginning 6 h after feeding, and on d 29 at 0730 h, after the wethers were weighed and 30 min before they were fed. Blood samples were immediately transferred to tubes containing solutions of disodium EDTA and benzamidine hydrochloride (1.6 and 4.7 mg/mL of blood, respectively) and placed on ice. After centrifugation for 25 min (1,800 × g at 4°C), plasma was aliquoted into individual polypropylene tubes for each hormone analysis to be performed, flashfrozen using liquid N 2 within 60 min after collection, and stored at −80°C until analyzed. For CCK analysis, plasma from both wethers in each pen was composited in a tube containing 500 Kallikrein-inhibitor units of dried aprotinin (Trasylol, Bayer AG, Leverkusen, Germany) per milliliter of plasma added (Benson and Reynolds, 2001 ) and flash-frozen using liquid N 2 after each plasma addition.
For measurement of the mRNA for the neuropeptides NPY, AgRP, and POMC, the wethers were slaughtered by captive bolt and exsanguination beginning at 0600 h. For removal of the hypothalamus for the first group (block), wethers in each pen were randomly slaughtered in 1 of 2 facilities on d 30 and 31. On d 30, lambs were slaughtered in proximity to where they were housed. On d 31, the remaining wether in each pen was slaughtered in the Animal Sciences Meat Laboratory (The Ohio State University, Columbus), approximately 165 km from where it was housed. Because no differences in gene expression were due to the travel distance before slaughter, for the second period, wethers were all slaughtered on d 30 in the Animal Sciences Meat Laboratory.
The hypothalamus was removed after slaughter, as reported previously (Glass et al., 1984) . In brief, the frontal landmark for the hypothalamus was the optic chiasm. Caudal to the optic chiasm was the third ventricle. The first incision was a 1.2-cm lateral-lateral cut behind the optic chiasm. Two frontal-caudal cuts of 1.5 cm were made parallel to the third ventricle. The fourth cut closed that rectangular area. A final cut was made at 0.6 cm in depth to provide a tissue sample as a cube of 1.2 × 1.5 × 0.6 cm. The hypothalamic samples were flash-frozen in liquid N 2 within 10 min after slaughter.
Hormone and Metabolite Analysis
Concentrations of insulin, GLP-1, and CCK were measured using RIA, as described previously (Benson and Reynolds, 2001) , and were validated via parallel displacement of labeled hormone binding by serial dilution of ovine plasma samples. Plasma GIP concentration was measured as described by Relling and Reynolds (2007b) , using a different primary antibody (G-27-07, Phoenix Pharmaceuticals Inc., Belmont, CA), and was validated by displacement of labeled human GIP (T-027-02, Phoenix Pharmaceuticals Inc.) binding by serial additions of ovine plasma, which was parallel to the displacement by serial additions of human GIP standards (Sigma-Aldrich, St. Louis, MO). Plasma OXM concentration was measured in a pooled sample of plasma from both wethers in each pen taken 6 h after feeding on d 29. The assay used a commercial kit (Oxyntomodulin RIA Kit RKU-028-22, Phoenix Pharmaceuticals Inc.) Johnson and Peters (1993) .
Hypothalamic Concentration of Neuropeptide mRNA
For RNA extraction, the TRIzol procedure (Invitrogen, Carlsbad, CA) was used. Concentration of RNA was determined by measuring absorbance at 260 nm. Reverse transcription (RT) PCR was performed as described in Ndiaye et al. (2008) . Relative mRNA concentrations of NPY, AgRP, and POMC were determined by quantitative RT PCR using the DNA Engine Monitor 2 (Bio-Rad Laboratories, Hercules, CA). Primers for NPY, AgRP, and POMC were validated in sheep hypothalamic tissue. Oligonucleotide primers for NPY, AgRP, and POMC were obtained from Qiagen (Qiagen Operon Biotechnologies, Alameda, CA). The primer sequences used are described in Table 2 . Primers were diluted to a working concentration of 15 µM with nuclease-free water (Sigma-Aldrich Corp.). The quantitative RT PCR was run and validated as described previously (Ndiaye et al., 2008) for a maximum of 35 cycles under the following conditions: denaturing at 94°C for 30 s, annealing at 60°C for 60 s, and extension at 72°C for 60 s. Concentrations of NPY, AgRP, and POMC were normalized to peptidylprolyl isomerase B (cyclophilin B) mRNA expression in the same sample to determine the relative mRNA concentrations of NPY, AgRP, and POMC. Homologous standard curves prepared from purified NPY, AgRP, and POMC cDNA PCR products were used to calculate the steady-state concentrations of NPY, AgRP, and POMC mRNA in triplicate wells for each sample. The PCR amplification products were separated electrophoretically on 1.5% agarose gels and visualized with ethidium bromide. For initial validation, the specific band corresponding to the size of the expected NPY, AgRP, and POMC cDNA fragment was cut and purified using a QIAquick Gel Extraction Kit (Qiagen Sciences, Valencia, CA) for sequence confirmation. A control sample that was not reverse transcribed was used to confirm that the product obtained was not amplified from genomic DNA.
Statistical Analysis
For the overall treatment effects on postfeeding plasma insulin, GLP-1, CCK, GIP, and metabolite concentrations, BW on d 8, 15, 22, and 29, and daily DMI and MEI, pen averages were statistically analyzed as repeated measures using mixed models procedures (SAS Inst. Inc., Cary, NC), to test the random effects of pen and blocks (period and BW) and the fixed effects of fat, intake, time (day of sampling), the fat × intake interaction, and the fat × intake × time interaction. The restricted intake treatments were not included in the analysis for DMI and MEI because these were dictated by the experimental design and were not dependent variables. Because plasma OXM concentration was measured only on d 29 of the study, the repeated statement, the time effect, and its interaction were removed from the model. To account for any nonhomogeneous variance caused by the restricted intake for all variables, intake was included in the model as a group effect, and the SEM are presented independently in the tables. The covariance structures compared included unstructured, spatial power, compound symmetry, heterogeneous compound symmetry, autoregressive, heterogeneous autoregressive, and variance components. Dependent variables were analyzed using the structure giving the best fit based on the Akaike information criterion (Littell et al., 1996) . For the changes in plasma hormone concentrations over time on d 29 of sampling, the concentrations at 0730 h (prefeeding) were compared only with the concentrations 6 h after feeding (postfeeding) for that day, using the same model as for the previous analysis but with the pre-and postfeeding concentrations as repeated measurements. In all analyses, if the 3-way interaction of fat × intake × time was not significant (P > 0.10), it was removed from the model. For the hypothalamic mRNA concentration data, the same model was used but the repeated measurement statement was removed from the model.
The correlation of plasma GLP-1 with OXM was analyzed using correlation procedures of SAS, using the average of each pen on d 29 for both variables. With the same procedure, the correlations of plasma GLP-1 and GIP concentrations with plasma NEFA concentration were measured, using the individual animal concentrations for d 8, 15, 22, and 29 (pre-and postfeeding samples).
RESULTS

BW, DMI, and MEI
Body weight (fat × intake × time; P < 0.01) increased over time for the ad libitum-fed wethers, but for the restricted-fed wethers, BW decreased during the first week of the experiment and increased only slightly thereafter (Figure 1 ). Supplemental dietary fat did not affect BW change over time (P = 0.60; Figure  1 ). Feeding Ca salts of palm oil numerically decreased daily DMI and daily MEI of ad libitum-fed wethers, but these differences were not statistically significant (P = 0.12 and 0.20, respectively; Table 3 ). Restricting intake changed the pattern of feed consumption. At 6 h postfeeding (at the time of bleeding), DMI was greater for the restricted-fed wethers than for wethers fed ad libitum; within the restricted-fed group, DMI was greater for those fed the control diet than for those fed the palm oil diet (fat × intake, P = 0.02; Table 3 ). Metabolizable energy intake was also greater at 6 h after feeding for restricted-fed wethers compared with wethers fed ad libitum. Within the ad libitum group, wethers fed the control diet had less MEI than those fed the palm oil diet (fat × intake, P < 0.05; Table 3 ).
Overall Changes in Plasma Concentration of Hormones and Metabolites
Restricting DMI and supplementation of fat in growing wethers decreased plasma insulin concentration (P < 0.05 and 0.02, respectively; Table 4 ). A fat × intake interaction (P < 0.05) was detected for plasma GLP-1 and CCK concentrations (Table 4) . Ad libitum-fed wethers had greater plasma GLP-1 and CCK concentrations than restricted-fed wethers. Feeding fat increased plasma GLP-1 and CCK concentrations in the ad libitum-fed wethers, but not in the restricted-fed wethers. Plasma OXM did not change (P = 0.30) because of the intake regimen or the addition of dietary fat (Table 4) . For the first 3 wk of the experiment, plasma GIP concentration was greater in the ad libitum-fed wethers compared with those restricted-fed and those fed fat compared with those fed the control diet; however, plasma concentration of GIP was not affected by intake or fat supplementation on d 29 of the experiment (fat × intake × time interaction P < 0.10; Figure 2 ). Plasma glucose concentration was greater in wethers fed the control diet (P < 0.01) than in those fed the palm oil diet (Table 4 ). The amount of feed offered did not change plasma glucose concentration (P = 0.21). Plasma NEFA concentration (Table 4) increased because of addition of dietary fat (P < 0.01) and also because of the increase in feed offered (P < 0.02). Average BW (kg) of growing lambs restricted-fed with (palm oil, □) or without (control, ○) the addition of 6% Ca salts of palm oil, and ad libitum-fed with (palm oil, ■) or without (control, •) the addition of 6% Ca salts of palm oil after a 29-d feeding period. P < 0.01 for the intake × fat × time interaction. The SEM for restricted and ad libitum were 0.5 and 0.6 kg, respectively, and an asterisk (*) indicates P < 0.05 for means separated using the slice option (SAS Inst. Inc., Cary NC). Table 3 . Mean DMI and ME intake (MEI) of growing wethers ad libitum-fed or restricted-fed diets with or without the addition of 6% Ca salts of palm oil Fat = main effect of addition of fat in the diet; intake = main effect of the difference in intake; F × I = interaction of fat and intake main effects.
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Pen was used as the experimental unit. 6 DMI (kg) and MEI (Mcal) at sampling (time of bleeding) is the amount that the wethers had consumed by 6 h after the feed was offered.
Gut peptide concentrations and dry matter intake in wethers
Plasma Concentration of Hormones and Metabolites Pre-and Postfeeding
A 3-way interaction (P = 0.03) between intake, fat supplementation, and time relative to feeding was detected for plasma insulin concentration (Table 5 ). For the restricted-fed wethers, plasma insulin concentration was greater at 6 h after feeding than at prefeeding. Ad libitum-fed wethers had greater plasma insulin concentration than those with restricted intake. In addition, plasma insulin concentration did not change after feeding wethers the control diet, but was greater postfeeding for those fed the palm oil diet. Plasma GLP-1 concentration was greater for wethers prefeeding than postfeeding for both the palm oil and control diets when wethers were offered feed ad libitum and for the palm oil diet when intake was restricted, but not for the control diet when intake was restricted (fat × intake and time, P = 0.07). Plasma GLP-1 concentration increased in ad libitum-fed wethers compared with those with restricted intakes (Table 5) . Plasma CCK concentration was greater prefeeding than postfeeding for wethers fed the palm oil and control diets ad libitum and for those restricted-fed the palm oil diet, but not for those restricted-fed the control diet (fat × intake and time; P = 0.08 and 0.07, respectively; Table 5 ). Plasma CCK concentration was greater in ad libitum-fed than in restricted-fed wethers; this response was greater when fat was added in the diet (Table 5) . Plasma GIP concentration was greater (P < 0.01) at 6 h after feeding than at the prefeeding sampling. The addition of fat in the diet did not change plasma GIP concentration in restrictedfed wethers, but increased plasma GIP concentration in ad libitum-fed wethers (Table 5 ). Plasma ghrelin concentration was greater prefeeding only in the restrictedfed wethers (time × intake, P < 0.01). The addition of fat did not change plasma ghrelin concentration (P > 0.20). Plasma glucose concentration was greater in the ad libitum-fed than in the restricted-fed wethers. The postfeeding plasma glucose concentration was greater than the prefeeding concentration for wethers fed the control and palm oil diets at restricted intake and for those fed the control diet ad libitum, but not when the palm oil diet was offered ad libitum (time × intake and time × fat, P < 0.01; Table 5 ). Plasma NEFA concentration was greater in the prefeeding samples only in the restricted wethers (time × intake, P < 0.01). There was a positive correlation for plasma GLP-1 and GIP concentrations with plasma NEFA concentration postfeeding (r = 0.40 and 0.17, P < 0.01 and 0.06 for GLP-1 and GIP, respectively). However, plasma GLP-1 and GIP concentrations were negatively correlated with plasma NEFA concentration (r = −0.30 and −0.33, P < 0.10 and 0.06 for GLP-1 and GIP, respectively). Fat = main effect of addition of fat in the diet; intake = main effect of the difference in intake; F × I = interaction of fat and intake main effects. 6 Pen was used as the experimental unit.
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Day effect, P < 0.05; data not presented.
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Intake × fat × day, P < 0.10. Figure 2 . Plasma glucose-dependent insulinotropic polypeptide (GIP) concentration (pmol/mL) of growing lambs restricted-fed with (palm oil, □) or without (control, ∆) the addition of 6% Ca salts of palm oil, and ad libitum fed with (palm oil, ■) or without (control, ▲) the addition of 6% Ca salts of palm oil after a 29-d feeding period. The SEM for restricted and ad libitum were 0.004 and 0.005 pmol/mL, respectively, and an asterisk (*) indicates P < 0.05 for means separated using the slice option (SAS Inst. Inc., Cary NC).
Hypothalamic mRNA Concentrations of NPY, AgRP, and POMC
Hypothalamic mRNA concentrations for NPY and AgRP were greater (P = 0.07 and 0.02, respectively) for restricted-fed than for ad libitum-fed wethers (Table  6 ). Supplemental dietary fat tended to increase NPY and AgRP mRNA concentrations (P = 0.07 and 0.11, respectively) compared with the control diet. The relative concentration of POMC in the hypothalamus was numerically, but not significantly (P = 0.15), greater for ad libitum-fed wethers compared with those fed at the restricted intake. Fat supplementation did not affect (P = 0.60) the relative concentration of POMC in the hypothalamus.
DISCUSSION
BW, DMI, and MEI
By design, the restricted wethers consumed less feed than those offered feed ad libitum. This resulted in a decrease in BW during the first week because of the decrease in feed provided and the potential effects of less gut fill. All lambs gained BW after d 8 of the experiment, but the rate of BW gain was greater for the ad libitum-fed wethers, as observed previously (Murphy et al., 1994) . In our study, the addition of fat resulted in numerical decreases in DMI and MEI, but these decreases were not statistically significant. The addition of a similar concentration of dietary fat as a combination of vegetable and algal oils decreased DMI in previous experiments on lactating sheep (Reynolds et al., 2006) , but in the present study, a rumen-inert fat was fed, which may in part explain the lack of a statistically significant effect of palm oil on DMI. The restricted-fed lambs finished consuming their ration within 1 h after feed delivery at 0800 h. As a result of this eating behavior, at the time of bleeding, the DMI and MEI were actually greater for the restricted-fed wethers compared with those fed ad libitum. This pattern of meal consumption could have influenced plasma concentrations of hormones and metabolites at 6 h postfeeding.
Overall Changes in Plasma Concentration of Hormones and Metabolites
To our knowledge, this study is the first to report the effects of intake and fat supplementation on plasma Table 5 . Plasma hormone and metabolite concentrations in growing wethers at 30 min prefeeding and at 6 h postfeeding, after 29 d of feeding ad libitum or at a restricted intake, diets with or without the addition of 6% Ca salts of palm oil Fat = main effect of addition of fat in the diet; intake = main effect of the difference in intake; F × I = interaction of fat and intake main effects; time = main effect of pre-and postfeeding; F × I × T = interaction of fat, intake, and time main effects.
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Pen was used as the experimental unit.
6
Time × intake, P < 0.01.
7
Time × fat, P < 0.01.
Gut peptide concentrations and dry matter intake in wethers concentrations of GLP-1, GIP, CCK, OXM, and ghrelin in growing sheep. Similar effects of intake on plasma insulin concentration have been observed previously (Sano et al., 1999) . In restricted-fed sheep, plasma insulin concentration decreased compared with that in ad libitum-fed sheep (Sano et al., 1999) . A decrease in plasma insulin concentration has been observed with the inclusion of dietary fat in ruminant diets (Relling and Reynolds, 2007a) . However, in the present experiment, fat supplementation resulted in decreased insulin for restricted-fed wethers and increased insulin for ad libitum-fed wethers. Differences in plasma insulin concentration attributable to intake and fat supplementation were greater at 6 h postfeeding than at prefeeding.
An increase in plasma GLP-1 and CCK when fat was added to the diet has been observed previously in dairy cows (Choi and Palmquist, 1996; Relling and Reynolds, 2007a) . In those studies, the increases in plasma gut peptide concentrations were associated with a decrease in DMI. In the present study, there was a numerical trend for a decrease in ad libitum DMI for wethers consuming the supplemental fat diet, which could have been caused by the increases in GLP-1 and CCK observed. Gut peptides have been reported to be associated with regulation of feed intake in nonruminants (Gale et al., 2004) . To our knowledge, this is the first study to measure plasma concentrations of gut peptides in sheep when intake was controlled. Plasma GLP-1 and CCK concentrations were not changed by the addition of supplemental fat in the diet when wethers were fed at a restricted intake. The interaction between dietary fat supplementation and intake could imply that CCK and GLP-1 regulate DMI in ruminants to maintain a similar MEI when they are fed ad libitum. In restricted-fed animals, the addition of fat in the diet did not change the plasma concentrations of CCK and GLP-1, even though the animals consumed almost double the amount of supplemental fat (31.1 g/d in the control diet vs. 61.7 g/d in the palm oil diet). However, when the lambs had free access to a diet with greater energy density, the plasma gut peptide concentration increased, presumably to regulate MEI to a constant amount. Therefore, the presence of fat in the diet per se did not increase plasma CCK and GLP-1 concentrations. This could be seen when we compared the fatty acid intake of the fat-supplemented wethers that were restricted-fed (61.7 g/d) with the fatty acid intake of wethers offered the control diet ad libitum (65.2 g/d), in which an increase in fatty acids of approximately 5% produced approximately 20 and 50% greater responses in plasma GLP-1 and CCK concentrations, respectively. These observations indicate that the secretion of these gut peptides, and their secretion in response to dietary fat, is modulated by intake.
Oxyntomodulin is a peptide derived from the proglucagon gene in the L cells in the small intestine (Holst, 1997) . The AA sequence of OXM contains the sequence of glucagon plus 8 additional AA on the C-end of the molecule. The OXM molecule is also included in a larger protein called glicentin. Glicentin and OXM have been called "gut glucagon" because of the cross-reactivity they have with the pancreatic glucagon molecule in some assays (Manns, 1972) . In the past, gut glucagon was measured as the difference between the total glucagon, which was measured with the assays that crossreact with pancreatic and the gut glucagon assay, and the one specific for pancreatic glucagon (Manns, 1972; Ghatei et al., 1983) . All the molecules of the proglucagon gene, such as GLP-1, GLP-2, and OXM or glicentin, are cosecreted by the L cells (Holst, 1997) . In nonruminants, it has been reported that OXM reduces food intake (Cohen et al., 2003; Dakin et al., 2004) by binding the GLP-1 receptor . In the present study with lambs, we did not observe substantial changes in plasma OXM concentrations caused by the amount of feed offered or supplemental dietary fat. However, there was a trend for plasma GLP-1 and OXM concentrations to be correlated (r = 0.28; P = 0.11). It is not known whether the L cells in Control = control diet; palm oil = control diet with the addition of 6% of Ca salts of palm oil.
2 NPY/CYC = relative concentration of neuropeptide Y mRNA using cyclophilin B as a housekeeping gene; AgRP/CYC = relative of agoutirelated peptide mRNA concentration using cyclophilin B as a housekeeping gene; POMC/CYC = relative concentration of proopiomelanocortin mRNA using cyclophilin B as a housekeeping gene.
ruminants secrete OXM, glicentin, or other peptides that include glicentin. The metabolic pathway of the peptide in ruminants has not been reported. In a study with multiple-catheterized lactating dairy cows, Benson and Reynolds (2001) showed that gut glucagon was released by the liver, which could indicate that a major peptide secreted by the L cells is metabolized after its release to a peptide that cross-reacted with the total glucagon peptide.
Plasma GIP concentration was increased mainly by an increase in supplemental dietary fat. These differences were diminished by wk 4 of sampling. An increase in plasma GIP concentration was observed when fat was fed in lactating dairy cows (Relling and Reynolds, 2007a) and in preruminant goats (Martin et al., 1993a) . However, oil infusion for 7 d did not increase plasma GIP concentration in lactating dairy cows (Relling and Reynolds, 2008) , but plasma GIP did increase because of an increase in energy intake from abomasal infusion of casein or starch. In the present study, plasma GIP concentration in restricted-fed wethers supplemented with fat was greater than for ad libitum-fed wethers fed the control diet, even though the average total fat consumption in the latter group was greater (61.7 vs. 65.2 g, respectively). This could be due to a possible role for GIP in regulating energy redistribution, not only as influenced by the total MEI, but also as dependent on the source of that energy. This assumption has not been proven in ruminants; however, the importance of GIP in energy redistribution has been studied in mice (Miyawaki et al., 2002) , in which the absence of a GIP receptor caused mice to be leaner than mice with a functional GIP receptor. In lactating dairy cows, plasma GIP concentration was negatively correlated with RQ , indicating that GIP could play a role in regulating energy utilization in ruminants.
Plasma glucose concentration decreased with the dietary supplementation of fat, but did not differ because of intake. A similar effect was observed previously when fat was fed to ruminants with ad libitum access to feed (Relling and Reynolds, 2007a) . The lack of difference in plasma glucose attributable to intake is likely the result of insulin regulation of glucose utilization. The increase in NEFA concentration attributable to supplemental fat and intake observed at 6 h postfeeding was observed previously (Gagliostro and Chilliard, 1991; Relling and Reynolds, 2007a) . Increased NEFA concentration in response to fat intake may be due to an increase in the release of NEFA from plasma lipoproteins. A similar increase in plasma NEFA concentration was observed when oil was infused in lactating dairy cows because of a greater plasma concentration of lipoproteins (Gagliostro and Chilliard, 1991) . Increases in plasma insulin concentration for the control animals compared with those fed the palm oil diet could cause a decrease in lipolysis in adipose tissue. The gut peptides GLP-1 and GIP decrease lipolysis in ovine adipose tissue (Martin et al., 1993b) . In the present study, we found a negative correlation between plasma concentration of GIP and NEFA (r −0.20; P < 0.02), but not for GLP-1 and NEFA (P > 0.30). The negative correlation between GIP and NEFA concentrations is possibly due to the role of GIP in decreasing lipolysis in ovine adipose tissue (Martin et al., 1993b) ; however, other factors may be influencing plasma NEFA concentration. As mentioned, some of the circulating plasma NEFA could be derived from a release from plasma lipoproteins (Gagliostro and Chilliard, 1991).
Plasma Concentration of Hormones and Metabolites Pre-and Postfeeding
Plasma insulin concentration was greater in the postfeeding sampling for all treatments except for lambs fed the control diet ad libitum. A postprandial increase in plasma insulin concentration was observed previously in sheep (Matsunaga et al., 1999 ) and may be due to an increase in the production of insulin secretagogues such as propionate. It is not clear why a postprandial response in plasma insulin concentration was not observed for the control diet fed ad libitum, but differences in the pattern of intake over the course of the day may have been responsible.
For plasma GLP-1 and CCK concentrations, based on previous studies (Relling and Reynolds, 2007a) , we expected greater concentrations 6 h after feeding than before feeding. The increase in plasma concentrations of GLP-1 and CCK prefeeding compared with postfeeding in the restricted-fed wethers could have been due to their feeding behavior and rate of feed consumption. The restricted-fed wethers consumed all their daily diet within 1 h, which could have affected the flow of digesta to the small intestine. It is also possible that the daily patterns of secretion for GLP-1 and CCK are different in cattle than in sheep. This could explain why plasma concentrations of GLP-1 and CCK were greater prefeeding than after feeding. However, in 2 consecutive samplings taken at 5 and 7 h after feeding in sheep, there was not a time effect (Relling, 2009) . This is similar to what was observed in dairy cattle (Relling and Reynolds, 2007a ). As we had expected, plasma GIP concentration was greater after feeding than before feeding. Plasma GIP concentration was observed previously to increase as a result of an increase in nutrient absorption in sheep (McCarthy et al., 1992) and in lactating dairy cows (Relling and Reynolds, 2007a) . This increase may be due to a possible role of GIP in nutrient partitioning in ruminants (Martin and Faulkner, 1994) .
The intake × time interaction observed in this study for plasma ghrelin concentration was due to an increase in only preprandial ghrelin plasma concentration for the restricted-fed wethers. Plasma ghrelin concentrations were similar for pre-and postprandial sampling times in the ad libitum-fed wethers and at the postprandial sampling time for the restricted-fed wethers. As discussed, differences in eating behavior occurred such that, at the 6 h sampling time, the DMI and MEI were actually greater for the restricted-fed wethers compared with those fed ad libitum. This pattern of meal consumption could have influenced the plasma ghrelin response. The ad libitum-fed wethers had a more continuous supply of feed and nutrients. Thus, plasma ghrelin did not differ before and after feed was offered. However, the restricted-fed wethers experienced a period of approximately 22 h without feed before the prefeeding blood sampling. Our data indicate ghrelin was serving as a signal for energy insufficiency in the restricted-fed wethers, as was reported for nonruminants (Fernandez-Fernandez et al., 2006) . Our result was also similar to that observed by Wertz-Lutz et al. (2008) , in which an increase in plasma ghrelin concentration was observed in beef cattle during nutrient restriction. In the restricted-fed steers in the study by Wertz-Lutz et al. (2008) , the plasma ghrelin concentration was always greater than that in steers whose intake was not restricted. However, in the present study, postprandial concentrations were similar in the restricted and ad libitum-fed wethers. A possible explanation for this difference is that in the study by Wertz-Lutz et al. (2008) , the animals were consuming only 80% of their nutrient requirements and they were losing BW. In the present study, the restriction was smaller and lambs were gaining BW. Ghrelin is secreted in a pulsatile fashion when energy is restricted Wertz-Lutz et. al., 2008) . Our single blood-sampling schedule at the pre-and postfeeding time points would not allow detection of a pulsatile secretion pattern if it occurred prefeeding in the restricted-fed wethers. In ad libitum-fed dairy cows that were not in a negative energy balance, there were no differences between pre-and postprandial plasma ghrelin concentrations . The preprandial increase in plasma ghrelin concentration in the present study could have been due to the reduced MEI imposed for the restricted-fed wethers. Preprandial plasma ghrelin may have been stimulating appetite and contributing to the aggressive eating behavior observed for the restricted-fed wethers. In the present study, the wethers finished their ration within 1 h and we did not observe a fat effect on plasma ghrelin concentration. However, in studies using dairy cattle Relling, 2009) , an increase in fat intake produced a decrease in plasma ghrelin concentration compared with control cows in samples taken immediately before feeding. Unlike previous experiments Wertz-Lutz et al., 2008) , we did not observe a preprandial increase in plasma ghrelin concentration in wethers offered the control diet ad libitum. The lack of ghrelin response prefeeding when wethers were offered feed ad libitum may also have been due to differences in the pattern of intake over the course of the day.
Preprandial plasma glucose concentration was less than postprandial concentration in the restricted wethers. This occurred despite greater plasma insulin postfeeding vs. prefeeding for these lambs. Part of that response may have been influenced by the pattern of meal consumption discussed above. Plasma glucose concentration was also greater postfeeding for lambs fed the control diet ad libitum. Unlike the restricted-fed lambs, this occurred when plasma insulin was less. Lambs fed the palm oil diet ad libitum had less plasma glucose postfeeding than prefeeding. These lambs also had the greatest plasma insulin concentration after feeding.
The increase in preprandial NEFA concentration in the restricted-fed lambs may have been due to an increase in fat mobilization caused by lesser plasma insulin concentrations. A prefeeding increase in NEFA concentration was not observed in lambs offered feed ad libitum. The preprandial concentration of NEFA was inversely correlated with the preprandial plasma concentrations of GIP and GLP-1. This inverse association could have been due to a function of GIP and GLP-1 in decreasing lipolysis from adipose tissue (Martin et al., 1993b) . Plasma NEFA concentration followed a similar pattern of response as observed for plasma ghrelin concentration. This association was observed previously in early-lactation dairy cows. We cannot confirm if increases in plasma NEFA concentration are a signal to increase plasma ghrelin concentration or if they are due to the decrease in plasma insulin concentration; however, it seems likely that these mechanisms are interacting to increase appetite.
Hypothalamic mRNA Concentrations of NPY, AgRP, and POMC
In the present study, we observed a decrease in mRNA for neuropeptides that stimulate DMI (NPY and AgRP) in lambs offered feed ad libitum compared with those fed at a restricted intake. Hypothalamic POMC mRNA concentration did not change because of the amount of DMI (restricted vs. ad libitum-fed wethers). Similar results have been reported in ad libitum compared with fasted sheep (Adam et al., 2002 ). Despite our hypothesis that feeding fat would result in a decrease in NPY and AgRP, in the present study, we observed an increase in NPY and AgRP attributable to feeding fat. Results in rat models have shown conflicting data on the effect of fat on hypothalamic neuropeptides (Wang et al., 2002; Dziedzic et al., 2007) . In Wang et al. (2002) , NPY mRNA concentration decreased for rats consuming saturated fats but increased for rats consuming high-fat diets rich in n-3 or n-6 fatty acids. However, Dziedzic et al. (2007) showed a decrease in rat hypothalamic NPY mRNA concentration attributable to high-fat diets rich in saturated fat, but there were no changes for high-fat diets rich in n-3 and n-6 fatty acids compared with low-fat diets. The role of particular fatty acids in mRNA expression of hypothalamic neuropeptides has not been studied in ruminants. In the present study, the increase in mRNA concentrations for NPY and AgRP was associated with less DMI but similar MEI for wethers fed palm oil compared with wethers fed the control diet. However, the changes in hypo-thalamic concentrations for the neuropeptides could be associated with changes in hormones and metabolites that occur in these wethers. The reduced mRNA concentrations in the ad libitum-fed lambs are associated with a greater degree of satiety for the ad libitum-fed lambs. The decrease in these neuropeptide concentrations for the restricted-fed and control diets is probably due to the interaction of many peripheral signals that are processed in the hypothalamus. The signals that may influence the decrease in mRNA concentrations for NPY and AgRP for the ad libitum-fed lambs are the increased plasma concentrations of insulin and CCK, or decreased NEFA and prefeeding ghrelin. It has been shown in rat models that central administration of insulin decreases NPY mRNA concentration (Schwartz et al., 1992) . In the present study, an inverse association was observed between plasma insulin concentration and NPY mRNA concentration, not only because of differences in DMI, but also because of the additional dietary fat. It has also been found in rats that CCK decreases NPY mRNA concentration (Bi and Moran, 2002 ). In the current study, we showed a negative association between plasma CCK concentration and NPY and AgRP mRNA concentrations. However, plasma CCK concentration responds to the interaction of the amount of intake and the additional dietary fat. This interaction was not observed in the orexigenic neuropeptides. Therefore, we can infer that CCK is not the principal regulator of NPY and AgRP gene expression, but it is possible that CCK has a secondary role after the action of insulin. It is not known if the increase in plasma GLP-1 concentration could be responsible for the changes in NPY mRNA concentration. There were no changes in rat hypothalamic NPY mRNA concentration after intraventricular infusion of GLP-1 (Turton et al., 1996) . Therefore, it is possible that GLP-1 regulates the decrease in DMI when ad libitum-fed wethers are supplemented with fat via a mechanism that does not involve NPY, AgRP, or POMC. However, these are assumptions because the direct effect of GLP-1 in sheep hypothalamus has not been investigated. Ghrelin increases NPY and AgRP mRNA concentrations (Dimaraki and Jaffe, 2006) in nonruminants. To our knowledge, this is the first study to show the association between plasma ghrelin concentration and the hypothalamic mRNA concentrations of NPY, AgRP, and POMC in growing sheep. In our study, there was a positive association between prefeeding plasma ghrelin concentration and mRNA concentrations of the orexigenic peptides. From this, it seems likely that the increase in ghrelin concentration observed prefeeding in this and other studies Wertz-Lutz et al., 2008 ) is in part responsible for an increase in appetite. It has been reported that fatty acids inhibit the expression of NPY and AgRP in nonruminants (Lam et al., 2005) . In this study, we also found a positive association between NEFA and NPY and AgRP mRNA concentrations with the additional dietary fat but a negative association attributable to the amount of DMI. The increase in plasma NEFA concentration 6 h after feeding caused by ad libitum feeding could be another factor that contributes to the decrease in NPY and AgRP concentrations. However, the additional dietary fat increases plasma NEFA concentration and also produces an increase in NPY and AgRP. There is not a clear physiological explanation for the positive association between the increase in NEFA when feeding additional fat and the increase in mRNA for the orexigenic neuropeptides. However, it is possible that the changes in neuropeptides are not due to changes solely in a hormone or metabolite, but that they may reflect the interaction of those changes.
In conclusion, the numerical decrease in DMI observed when supplemental fat was provided to sheep offered feed ad libitum was associated with a downregulation of expression of the orexigenic neuropeptides. The data in this study support the assumption that the mechanisms by which an animal senses an increase in energy density in the diet and "tells" the hypothalamus to decrease DMI is probably via endocrine signals such as changes in insulin or gut peptide concentration.
